Objective: Deficits in executive functioning, including working memory (WM) deficits, have been suggested to be important in attention-deficit/hyperactivity disorder (ADHD). During 2002 to 2003, the authors conducted a multicenter, randomized, controlled, double-blind trial to investigate the effect of improving WM by computerized, systematic practice of WM tasks.
Attention-deficit/hyperactivity disorder (ADHD) affects 3% to 5% of school-age children with serious impairments in both academic performance and social functioning. Many of these problems persist into adulthood (Biederman et al., 2000; Rasmussen and Gillberg, 2000) . Deficits in executive functioning, including working memory (WM), response inhibition, and temporal processing, have been suggested to play an important role in ADHD (Barkley, 1997; Castellanos and Tannock, 2002; Rapport et al., 2000) . Executive functions is a broad concept that includes, among other functions, the ability to inhibit a prepotent response, planning, reasoning, and WM. WM is the ability to retain information during a delay and then to make a response based on that internal representation. Furthermore, WM is often regarded as a more fundamental function, underlying other executive functions such as reasoning. WM deficits in ADHD have been demonstrated repeatedly (Dowson et al., 2004; Karatekin and Asarnow, 1998; Kempton et al., 1999; Kuntsi et al., 2001; Mariani and Barkley, 1997; Westerberg et al., 2004 , but see also Karatekin, 2004) .
This study investigated whether systematic training of WM tasks during a 5-week period would improve WM, improve other executive functions, and reduce the ADHD symptoms. Several studies have evaluated the effect of practice with various types of cognitive tasks in subjects with stroke (Sohlberg et al., 2000) , in elderly subjects (Ball et al., 2002) , and after traumatic brain injury (Salazar et al., 2000) . The method evaluated in this study differs from that of previous ones in that it focuses entirely on training WM tasks. Moreover, the training is computerized, which makes it possible to automatically and continuously adapt the difficulty level to the performance of the child to optimize the training effect.
The effect of WM training on brain activity was recently evaluated with functional magnetic resonance imaging (Olesen et al., 2004) . In that study, young, healthy adult subjects were scanned while performing a WM task and a control task before and after WM training. Training improved the WM performance of the subjects and resulted in increased brain activity in the dorsolateral prefrontal and parietal association cortices, indicating plasticity of the neural systems underlying WM. These cortical areas partly overlap with the prefrontal regions implicated in ADHD pathology (Castellanos et al., 1996 Filipek et al., 1997) , and this provides a neuroanatomical rationale for undertaking WM training in children with ADHD. A previous preliminary study indicated that training of WM tasks can enhance executive functioning including WM, response inhibition, and reasoning in children with ADHD (Klingberg et al., 2002b) . A major shortcoming of that study was the low number of subjects (n = 7 in both the treatment and the comparison groups). Moreover, ratings of ADHD symptoms were not performed, only one clinical center was involved, and there was no follow-up measurement of both groups to estimate the extent to which training effects lasted. The current study was therefore conducted at four clinical sites evaluating the effects of practice of WM tasks in a randomized, controlled, double-blind design. Executive functions were measured and ADHD symptoms were rated before, immediately after, and 3 months after intervention.
In this study, we compared two similar versions of the same training program. In the treatment program, the children practiced WM tasks in which the difficulty level was adjusted to closely match the WM capacity of the child. This procedure was hypothesized to optimize the training effect. In the comparison condition, the same tasks were used, but the WM load (i.e., number of items to be remembered) was low, thus resulting in easy tasks that were expected to result in only small training effects. By having two similar versions, we intended to control as much as possible for nonspecific effects of the training procedure, such as expectancy, passage of time, and maturation and specifically estimate the effect of improvement of WM. To evaluate the effect of training, we used tasks that were not part of the training program.
METHOD

Subjects
Referral sources included pediatricians, child psychiatrists, and special teachers in schools. We included only nonmedicated children because they were thought to have more room for clinical improvement of ADHD symptoms than children on medication and therefore give a better chance of detecting significant treatment effects. Furthermore, in Sweden, only a minority of children with ADHD receives medication.
Inclusion criteria were (1) diagnosis of ADHD of either combined or predominantly inattentive subtype, (2) age between 7 and 12 years at inclusion, and (3) access to a personal computer with an Internet connection at home or in school. Exclusion criteria were (1) being treated with stimulants, atomoxetine, neuroleptic, or any other psychoactive drugs; (2) fulfilling criteria for diagnosis of clinically significant oppositional defiant disorder, autistic syndrome, Asperger's syndrome or depression; (3) history of seizures during the past 2 years; (4) IQ <80 (based on an IQ test or the physician's clinical impression and school history); (5) motor or perceptual handicap that would prevent using the computer program; (6) educational level and socioeconomic situation that made it unlikely that the family would be able to follow the treatment procedure and study requirements (the educational level of the parents was not specified in terms of academic degree); and (7) medical illness requiring immediate treatment.
Of 56 patients attending the screening visit, 53 were included in the study and randomized to the treatment or comparison programs (Table 1, Fig. 1 ). Diagnostic assessment, including subtyping, had in most cases been made before the screening visit but was confirmed by the physician and based on global clinical impression taking DSM-IV rating scales (American Psychiatric Association, 1994) from parents and teachers into account. None of the children fulfilled criteria for conduct disorder or bipolar disorder. Two of the children had previously taken stimulant medication but stopped more than 1 year before the study. One child discontinued stimulant medication 1 week before the first measurements to be able to participate in the study. All other children had never been on medication for ADHD.
The study was approved by the regional ethics committee at Karolinska Hospital and by the local ethics committees at the four participating sites. Written informed consent was obtained from all participating families.
Outcome Measures
Certified psychologists performed neuropsychological assessments at the four clinical sites using four tasks to evaluate executive performance.
(1) The span-board task from the WAIS-RNI testing battery (Wechsler, 1981) was used to measure visuospatial WM. The mean performance from trials with forward and backward repeating of the memoranda was used in the analysis to provide a more reliable measure. (2) Digit-span from the WISC-III testing battery was used to measure verbal WM. (3) The Stroop interference task was used to measure response inhibition (Lezak, 1995) . In this task words describing colors are printed with ink in a color that was incongruent with the word, i.e., ''green'' printed in yellow ink. The subjects were asked to name the color of the ink for each word. (4) Raven's Colored Progressive Matrices (Raven, 1995) was used to measure nonverbal reasoning ability. Motor activity was measured by an infrared camera that records the number of head movements during 15 minutes of performance of a detection task on a computer (Teicher et al., 1996) .
The 18 DSM-IV items were used as a rating scale for ADHD symptoms (American Psychiatric Association, 1994) . We also used the Conners Rating Scale for parents and teachers (revised, short version) (Conners, 2001 ). Symptoms were scored by assigning a severity estimate for each symptom on a 4-point scale, from 0 (not at all) to 3 (very much). Because there are no updated Swedish norms for these scales, raw values were used and reported.
Before the study was conducted, the span-board task was defined to be the main outcome measure because it provides a nontrained measure of visuospatial WM. The stimuli, presentation, and response mode for this task differ from the WM tasks that were part of the training program (see Discussion).
Intervention
The treatment consisted of performing WM tasks implemented in a computer program developed for this study (RoboMemo Ò , Cogmed Cognitive Medical Systems AB, Stockholm, Sweden). The program was provided on a CD and used by the child on a personal computer either at home or in school. The program included visuospatial WM tasks (remembering the position of objects in a 4 3 4 grid as well as verbal tasks (remembering phonemes, letters, or digits) (see Olesen et al., 2004) for further description of the visuospatial tasks). Responses were made by clicking on displays with the computer mouse. The children performed 90 WM trials on each day of training. Total time depended on the level and time between trials. Medium total training time (excluding breaks) was about 40 minutes. The difficulty level was automatically adjusted, on a trialby-trial basis, to match the WM span of the child on each task. Responses to each trial were logged to a file on the computer, and every 1 to 2 days, an adult used a report program to upload the log file via the Internet to a server so that compliance could be verified.
The comparison condition was identical to the treatment except that the difficulty of the 90 WM trials remained on the initial low level (two to three items) instead of being increased to match the WM span of the child. As in the treatment program, responses were logged to a file that was uploaded to a server to verify compliance.
Procedures
Children were recruited via pediatricians, child psychiatrists, and special teachers. Initial information was given verbally. Families expressing interest in participating in the study were sent the detailed written information about the study, together with DSM-IV questions about ADHD and oppositional defiant disorder, and Conners rating scales, to be answered before the screening visit. The written information stated that there would be two interventions and that one of them probably was more effective than the other. The written information also specified the inclusion criteria regarding diagnosis, medication, age, and the need for a computer with Internet access. At Note: ADHD = attention-deficit/hyperactivity disorder. a Data given for all randomized subjects (n = 53)/subjects that complied (n = 44). See Fig. 1 . the screening visit, the physician met both the child and one parent and checked all inclusion and exclusion criteria. The included children were scheduled for baseline evaluation (= time point 1 [T1]) at which a psychologist administered the tests and provided the CD with the computer program. They were shown how to install the program and asked to complete at least 25 days of training before the next visit. A randomized, blinded list of numbers associated with the CDs containing the treatment or comparison program was sent to each clinical center. Randomization was done with blocks of four. The CDs were distributed by the testing psychologists to the children in the order that they entered the study at each site. Thus, the physician, psychologist, parent, and child were all blinded to child group status until after the follow-up assessment. Once every week, a certified psychologist (not affiliated with any of the testing sites) called the parents and asked about technical difficulties and gave feedback about how many days of training that had been uploaded to the server. This was intended to increase compliance. The postintervention visit (T2) took place 5 to 6 weeks after the baseline visit, and the follow-up assessment (T3) was done 3 months after T2. On both occasions, the psychologist again administered the neuropsychological tests and distributed rating scales that were completed at home by the parent and teacher and mailed to the study coordinator. The study was conducted during 2002, with follow-up during 2003.
Statistical Analysis
Hypotheses were tested by comparing outcome score at later times (T2 or T3) for the two groups using a general linear model, controlling for age, number of days of program use, and baseline score (T1). This analysis is equivalent to a between-group analysis of covariance with baseline as a covariate. We also controlled for the location where the intervention took place (home or school) when analyzing ratings from teacher and parent. Analyses showed no effect of gender or clinical site for any of the variables, and these two covariates were therefore not included in the further analyses. One-tailed tests were used because all hypotheses were based on the preliminary study (Klingberg et al., 2002b) , and only the superiority of treatment over comparison was of interest. Analyses were done using SAS v8.02 (SAS Institute Inc., Cary, NC).
RESULTS
The flow of participants is shown in Figure 1 . Of the 53 subjects, three withdrew: two because of computer problems and one because of social problems not related to the study. Fifty children attended the postintervention visit. The criterion for sufficient compliance was defined before the study to be 20 or more days of program use. Forty-four of the 50 subjects met these criteria. Mean number of days was 26.6 (SD = 2.6) in the comparison group and 25.2 (SD = 2.2) in the treatment group.
In the analysis of rating scales, missing values were not imputed in the regression analysis. Hence, only patients with complete data were included in the model. The main reason for missing values was that parents or teachers failed to mail the rating scales to the study coordinator. The regression analyses of rating scale data were thus based on a smaller number of observations: 36 from parents, 34 from teachers at T2, and 37 from parents and 35 from teachers at T3. To check for any selection bias, we compared patients with complete rating data with those with missing data and found no significant differences in baseline values from the rating scales. Subjects with missing data were also evenly distributed between the two groups (Tables 1 and 2 ).
Executive Tasks
Raw data (not corrected for the covariates) are shown in Table 2 . Mean values corrected for covariates (including baseline measurement) are shown in Figure 2 . The results of the statistical analysis are shown in Table 3 . For the main outcome measure, the span-board task, there was a significantly greater improvement from baseline to postintervention measurement in the treatment group compared with the comparison group ( Fig.  2A , Table 3 ). At follow-up, the treatment effect was still significant. The effect size (Cohen's delta [Cohen, 1988] ) was calculated from corrected values (Fig. 2, Tab. 3 ) and was 0.93 post-intervention and 0.92 (99%) at follow-up.
Other executive tasks were considered secondary outcome measures. There was a significant treatment effect for all executive tasks (Table 3 ). The faster performance on the Stroop task was not due to a prioritizing of speed while sacrificing accuracy because the treatment group was not only faster but also more accurate (Table 2) . Effect sizes were 0.59, 0.34, and 0.45 for the digit-span, Stroop time, and Raven's task, respectively.
At follow-up, the performance in the treatment group was about as high as, or higher than, at postintervention (Table 2 , Fig. 2B-D) . The effect sizes were 0.57, 0.25, and 0.30 for the digit-span, Stroop time, and Raven's task, respectively. This corresponds to 97%, 73%, and 67%, respectively, of the postintervention effect. The ability to detect the remaining significant effect for the Raven's task and for accuracy in the Stroop task was limited by the ceiling effects, which were more pronounced for the treatment group. Postintervention, eight subjects (40%) in the treatment group had a score of 34 to 36 on the Raven's task, for which 36 is the maximal score. In the comparison group, the corresponding number was 1 (4%). There was neither significant baseline-score-by-treatment interaction nor any significant ADHD-subtype-by-treatment interaction for any variable (neither for the executive tasks or the rating scales). All significant differences remained significant also when ADHD subtype was included as a covariate in the analyses.
Ratings of ADHD Symptoms
In the parent ratings of ADHD symptoms (according to DSM-IV ), there was a significant reduction in the inattention and hyperactivity/impulsivity scores ( Table  3 ). The rating scores from the teachers were not significant (Table 2) . Effect sizes (from corrected values) for the significant comparisons were 1.21 for parent-rated attention at T2, and 0.67 at T3. For parent-rated hyperactivity + impulsivity, it was 0.42 both at T2 and T3. It should be noted that these effect sizes are based on differences relative to a comparison group that was not passive but received a form of low-dose treatment.
From Conners rating scales, the Parent Rating Scale showed a significant decrease for parent ratings of oppositional symptoms at follow-up (n = 35, p = .02) of hyperactivity symptoms, post-intervention (n = 36, p = .03), and at follow-up (n = 35, p = .002) and of the ADHD index at follow-up (n = 35, p = .02). Other comparisons were not significant.
Noncompliers
To check for possible effects of the subjects who were excluded because of noncompliance (<20 days of practice), Note: WM = working memory; c = comparison; t = treatment; SC = standardized change; SC T2 = (mean T2 -mean T1 )/SD T1 ; inatt = symptoms of inattention (high score = more inattentive); H/I = hyperactivity/impulsivity score; ADHD = attention-deficit/hyperactivity disorder.
a Ceiling effects limit the interpretability of these scores. All values are raw scores, uncorrected for any covariate.
we also performed an analysis in which we included all subjects for whom we had outcome measures at T2 (n = 50). All tests that were significant in the first analysis (span-board, digit-span, Stroop time, Raven's task, parent ratings of attention and hyperactivity) were also significant when the additional six subjects were included (p < .05).
Adverse Events
At the time of testing after intervention and at follow-up, parents and children were asked about any adverse events that could be related to the intervention. There were none.
DISCUSSION
In this study, the treatment group that undertook high-intensity training of WM improved significantly more than the comparison group on the main outcome measure: the span-board task, which was a nonpracticed measure of visuospatial WM. This effect also remained at follow-up. In addition, there were treatment effects Fig. 2 Corrected mean values from the neuropsychological assessments. A-E: Least square means (± SEM) at baseline (T1), post-intervention (T2), and follow-up (T3) corrected for differences in baseline score, with the baseline score set to the common average for both groups.
for response inhibition (Stroop task), verbal WM (digit-span), complex reasoning (Raven's task), and for parent ratings of ADHD symptoms.
The span-board task differs from the trained visuospatial WM tasks with respect to the stimuli that are used (blocks on a board versus circles lighting up and disappearing on a screen), stimulus configuration (10 irregularly positioned blocks versus 16 boxes in a regular 4 3 4 grid) as well as response mode (pointing versus using the computer mouse), and the testing situation (interacting with a person versus a computer). The improvement on the span-board task is therefore evidence that the training effect generalized to a nontrained visuospatial WM task. The treatment effect (b in Table  3 ) corresponds to a 19% improvement, and the effect size was 0.93. The effect of stimulant medication, by comparison, has in different studies improved visuospatial WM with effect sizes of approximately 0.5 (Barnett et al., 2001) , 0.4 to 1.2 (Bedard et al., 2004) , and 0.4 to 0.7 (Kempton et al., 1999) . The effect of training on visuospatial WM was thus fully comparable with that of medication. Comparisons with previous studies of WM in children with and without ADHD suggests that the treatment-related improvement brought the children's WM performance as close as 0 to 0.3 SD below that of the rest of the population (Barnett et al., 2001; Kempton et al., 1999; Mariani and Barkley, 1997; Westerberg et al., 2004) . Although tasks such as the span-board task are laboratory tasks and it can be difficult to see the usefulness in everyday life of an increase in WM span, it is known that WM capacity underlies a wide range of cognitive abilities, including reasoning and control of attention (Engle et al., 1999) and the ability to resist distraction from irrelevant stimuli (de Fockert et al., 2001 ). It has also been suggested that deficits in nonverbal WM in children with ADHD contributes to the inability to hold events in mind and to defective planning (Barkley, 1997) .
The three other executive tasks (digit-span, Stroop task, and Raven's task) were secondary outcome measures, and the outcome of the statistical tests for these tasks should therefore be interpreted cautiously. However, group differences for Raven's task and the Stroop task were also found in the preliminary study of children with ADHD (Klingberg et al., 2002b) as well as in a study of WM training in adults (Olesen et al., 2004) . Together, these results indicate that the effect of WM training also transfers to nontrained executive tasks other than WM tasks. The training program did not include any problem-solving task or any response inhibition task even remotely similar to the Stroop task or Raven's task. The Stroop task measures the ability to inhibit a prepotent response. A review has also shown this task to be a sensitive task for measuring cognitive impairments in ADHD (Barkley et al., 1992) . Also in regard to this task, comparison with previous studies suggests that the training brought the children's performance to less than 0.3 SD from the population mean Note: R 2 = proportion of variance explained by the model; b = treatment group coefficient showing the difference in means (treatment comparison) controlling for covariates; p = significance level (one-tailed); ADHD = attention-deficit/hyperactivity disorder; hyp/imp = hyperactivity/impulsivity score. (Nigg et al., 2002; Willcutt et al., 2001) . The improvement in reasoning ability after training of WM is consistent with the psychological literature, suggesting that WM is necessary for reasoning ability (Engle et al., 1999) and that visuospatial WM correlates highly with performance on Raven's task (Fry and Hale, 1996) . Neuroanatomically, this association could be explained by overlapping parts of cortex in the prefrontal and parietal lobe used for WM and reasoning (Gray et al., 2003) . Visuospatial WM and response inhibition also have neuroanatomical commonalities. The same areas in the superior part of the prefrontal cortex and in the parietal cortex underlie development of both visuospatial WM capacity (Klingberg et al., 2002a) and performance of the Stroop task (Adleman et al., 2002) . Overlapping neural systems could thus explain how training of visuospatial WM could generalize to reasoning and response inhibition. This interpretation is also supported by the finding that training of WM tasks increase brain activity in multimodal areas of the prefrontal and parietal cortices (Olesen et al., 2004) .
The WM training had a very strong effect on parentrated attention but not on teacher ratings. We have no clear explanation for this discrepancy at this time. We have no data on how much time that the teachers spent with the children each day or each week. It has been shown that interrater correlations are often low (Swanson et al., 2001) , and a twofold difference in the effect sizes from parents and teachers is also seen in other studies (Wolraich et al., 2001 ). Cultural differences in teacher ratings have also been reported (Magnusson et al., 1999) . This, combined with a modest number of subjects and some missing data, could result in some discrepancies just from random variability. However, many of the symptoms of inattention are closely related to executive functions and we see the significant ratings from parents as more reliable because they are consistent with the changes measured in the objective tests of executive functioning.
Although ratings from parents also showed significant effects for symptoms related to hyperactivity, this was not confirmed by any significant decrease in the number of measured head movements (Table 3, Fig.  2E ). The reason for this is unclear. Additional objective measures of hyperactivity could have been useful.
Guidelines have been proposed, according to which an effect size (Cohen's delta) of 0.2 represents a weak, 0.5 a moderate, and 0.8 a strong clinical effect (Cohen, 1988; Swanson et al., 2001) . By that standard, the training resulted in a strong clinical effect for the main outcome measure (span-board) as well as for parent ratings of inattentive symptoms.
Limitations
More studies will be needed to confirm the training effects in other populations and to answer additional questions about the mechanisms underlying traininginduced improvements of WM. Although oppositional defiant disorder symptoms were present in many children, we excluded children fulfilling the diagnostic criteria for oppositional defiant disorder, and this limits the generalizability of the findings. A standardized psychiatric interview, as it is defined in the United States, was not performed. However, the interviews followed a prespecified protocol and all clinicians had many years of experience in diagnosing ADHD. One limitation of this study was the modest number of subjects. Additional follow-up measurements would also have been useful. In the current study, the follow-up time was limited by ethical considerations about the comparison group, who needed to be without intervention for the entire follow-up period. We have not evaluated the effect of combining medication with training, which will need to be done in the future. However, the previous preliminary study (Klingberg et al., 2002b) included children on medication. These children also improved, although the relative training effect on and off medication was not statistically evaluated because of the small sample size. Furthermore, in studies of motor training, amphetamine enhances training-induced plasticity (Butefisch et al., 2002) .
Although the training effect remained relatively stable for several months, we expect that it will eventually be necessary with a shorter period of retraining to maintain the effect. However, if WM and executive functions improve by practice, as this study indicates, then we would expect some degree of practice effect also from everyday activities with very high WM loads, such as mathematics and other demanding academic activities. It is theoretically possible that improvement of WM and executive functioning by an intensive training program would enable the children to perform better and hence to participate more in such WM demanding activities. This would lead to more WM practice in everyday life, and the children would enter a positive feedback loop that would reduce the need for retraining with a training program.
Clinical Implications
This study shows that WM can be improved by training. In addition, we saw effects on reasoning, response inhibition, and a decrease in parent-rated symptoms of ADHD. The subjects that would be expected to benefit from training of WM are presumably those individuals for whom executive deficits and inattention problems constitute a bottleneck for everyday functioning or academic performance. These individuals could be found both in the inattentive and combined subgroup of ADHD (Chhabildas et al., 2001) . It is also possible that training of WM will be useful in other conditions in which WM deficits are prominent, such as after traumatic brain injury and stroke affecting the frontal lobe. 
